INTRODUCTION
Bioenergy refers to energy products derived from biomass -including heat, electricity and biofuels, the latter term referring to liquid fuels derived from biomass, particularly ethanol and biodiesel. Biofuels are generally used for transport, though they may also be used for generation of electricity. A few countries have a long history of biofuel use: in Brazil, ethanol from sugar cane has been promoted since 1975 (40 years ago). 1 The production of biofuels has expanded dramatically in recent decades. In 2013, 87.2 billion litres of ethanol, 26.3 billion litres of biodiesel and 3 billion litres of hydro-treated vegetable oils were produced globally, representing 2.3% of the use of transport fuels worldwide. 2 The major ethanol producers are the USA (50.3 billion litres), Brazil (25.5 billion litres), China (2.0 billion litres), Canada (1.8 billion litres) and France (1.0 billion litres), while the largest biodiesel producers are the USA (4.8 billion litres), Germany (3.1 billion litres), Argentina (2.9 billion litres), Brazil (2.3 billion litres), France (2.0 billion litres) and Indonesia (2.0 billion litres). 3 Most biofuels used currently are produced from starch, sugar or oil crops that have traditionally been grown for food. These are "firstgeneration" biofuels. Research and development of biofuels are now focused on "second-generation" or "advanced" biofuels, produced from lignocellulosic crops such as grasses and woody plants.
The growth of the biofuel industry has largely been driven by policies 1 that address climate change, though other objectives, including enhanced energy security and support for rural industries, are important in some jurisdictions. While conventional petroleum supplies are becoming exhausted in many regions, there is no shortage of less conventional fossil fuel options for supplying liquid fuels: deep sea petroleum; shale oil/ tar sands; coal to liquid, CNG and gas conversion. While supplies from these sources are expanding rapidly, there are concerns over the high environmental costs of these options, in terms of carbon footprint, 4 and hydrological and biodiversity impacts. 5 Biofuel production is expected to continue to rise in order to supply future demand for fuels for heavy transport and aviation, applications for which other renewable alternatives are not readily available. To meet the 2°C global warming target agreed in the Copenhagen Accord, 6 it is anticipated that bioenergy (that is, all energy products from biomass) will play an increasingly significant role. 7 Projections are that liquid biofuel could contribute 18-20 EJ/year in 2050, 8 compared with around 5 EJ/yr in 2013. 9 Despite the fact that a major driver for biofuel promotion is the assumed climate change benefits, the climate change mitigation value of biofuels has been questioned. In addition, concerns have been raised over other environmental impacts of some biofuel systems. Whether produced in a firstor second-generation process, the biofuel "life cycle" involves growing or collecting biomass feedstock, processing feedstock into a liquid fuel product, distributing fuel, and combusting fuel. Environmental risks and benefits may arise at each of the life cycle stages. Furthermore, expansion 4 The carbon footprint of a product refers to the net emissions of all greenhouse gases into the atmosphere arising from the product lifecycle (ISO 2013). Several other methods for converting biomass to liquid fuels have been developed. Pyrolysis involves heating biomass in an oxygen-limited environment to produce bio-oil, a solid char, and combustible gas. The crude bio-oil is upgraded through hydrogenation and further processing.
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Fast pyrolysis is being investigated as a route for the production of aviation fuel. 12 Another method involves gasification of biomass to produce carbon monoxide, which is then converted to liquid fuel by the Fischer-Tropsch process, also known as biomass-to-liquid (BTL). While at least one commercial venture has been attempted, this process has yet to be commercialized.
Pyrolysis and gasification plants use woody biomass such as residues from harvest, milling, construction and could even use low-quality biomass sources such as municipal waste, though contaminants such as plastics and heavy metals create challenges for managing air emissions and disposal of residues.
There is much interest in producing biofuels from algae. Some algal species can produce high yields of lipids that could be readily converted to biodiesel. Other species grow rapidly and could be used as a feedstock for energy conversion technologies such as fermentation to ethanol, or hydrothermal processing into biocrude. Two alternative systems have been developed for algae production: cultivation in open raceway ponds is a low-cost method used commercially to produce algae for pharmaceuticals and food additives. The other system, known as a photobioreactor, is a closed system, often comprising plastic or glass tubing, through which water containing algae is pumped, and the alga are supplied with light, nutrients and CO 2 . This design maximizes interception of radiation, and avoids contamination with wild algal species. Pilot-scale photobioreactor systems have been demonstrated, but are not yet considered commercially viable. A major hurdle for algal biofuels is the energy requirement in "harvest", that is, separating the algae from the water in which they are grown. This may be achieved through various processes, including electroflocculation, flotation, centrifuging and solvent extraction 13 -all steps which require energy, reducing the energy balance and net greenhouse gas (GHG) savings from the biofuel. Hydrothermal liquefaction may reduce the carbon footprint of algal biofuels as it gives high yield of biocrude and uses wet algal biomass. 14 1.3 ASSESSING THE ENVIRONMENTAL EFFECTS OF BIOFUELS Life cycle assessment (LCA) has been developed as a systematic method for characterizing the environmental effects of a product, process, organization or event, 15 and is increasingly being used to inform policy design and in implementation of policy, including for biofuels. 16 LCA was developed to simultaneously assess a wide range of environmental effects, from water quality to human toxicity, climate change impacts and air quality. LCA may also be applied to a single impact category. When it is applied to climate change it is known as carbon footprinting. Many LCA studies have been conducted on biofuels, often focused only on GHG emissions but sometimes including energy balances. Very few have included other environmental impact categories such as biodiversity impacts. Studies have produced a wide range of results, for a number of reasons. First, results depend on features of the biofuel supply chain: the biomass production system, the properties of the feedstock, the conversion technology, and the fossil fuel displaced. Furthermore, LCA can deliver different results for apparently similar systems due to the influence of choices made by the researcher: system boundary of the analysis, which determines the processes included, method of allocating impacts between the biofuel and co-products, differences in background data, assumptions, models and emissions factors, exclusion or inclusion of indirect effects (for example indirect land use change (ILUC), non-CO 2 GHG emissions). To improve consistency between LCA studies, researchers, governments and industry are working together in many countries to develop publicly accessible national life cycle inventory databases that will contain average data for common product systems. This will enable researchers and industry to undertake LCA studies using consistent and accurate data for background processes, such as fertilizer manufacture, and thus reduce the resources required for LCA and improve the comparability between results.
Many published LCA studies for biofuel have used the attributional LCA modelling approach, 21 in which the emissions along the supply chain are summed, and shared between the biofuel and other co-products on arbitrary bases such as relative energy content or monetary value of the co-products. This approach models the impact of the average unit of production, and is usually applied to existing supply chains. It is generally focused on a particular product, as a case study or to inform product labelling or compliance assessment, for a specific situation. In using these results to estimate the effects of expansion of the biofuel industry it is commonly assumed that 1MJ of biofuel energy will displace 1MJ of fossil fuel. However, this assumption does not acknowledge the impacts that market forces may play, indirectly influencing the outcome through the impact on demand for fossil fuels as their prices change due to the increase in supply of biofuels. 22 It has been estimated that because of this "rebound effect", the displacement factor varies from 0.25 to 1.6, and is usually less than 1.
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It has been suggested 24 that the attributional approach does not give accurate estimates of the full climate impact of a large-scale change in biofuel supply and that, to inform the development of biofuel policy, a consequential modelling approach 25 is required. This considers the impacts on the agricultural or forestry sector supplying the biomass, 26 on the energy sector, and indirect land use impacts, which requires economic approaches, such as computable general equilibrium (CGE) or partial equilibrium (CPE) modelling. Bio-geophysical modelling is also needed to understand the environmental impacts of these changes in land use and land management, and impacts of emissions to air and water from conversion and combustion stages. Such analyses should also consider the anticipated effects of climate change. This is likely to alter crop growth rates and requirements for irrigation, and likely to increase yield variability and production costs. Ideally, modelling should consider spatial variation across the landscape, and incorporate hydrological impacts. Integrated assessment models (IAM) that include both bio-geophysical and economic processes are used by policy research groups to assess mitigation options for long-term climate stabilization. 
LAND USE FOR BIOFUELS
Although the land area currently devoted to biofuel crops is less than 1% of agricultural land globally, 28 there are environmental concerns about biofuels related to land use for growing feedstocks. Critics assert that biofuel crops cause deforestation, emitting greenhouse gases and threatening endangered wildlife. Concerns are also raised over socio-economic issues such as displacement of smallholders and implications for food security. Here we discuss land use issues, and approaches to minimizing negative effects of land requirement for biofuels.
While the current area of bioenergy crops is small compared with the overall agricultural land area, expansion of biofuels may displace production of food, animal feed, fibre or wood products, leading to a risk of indirect land use change. Unchanged demand for the displaced product may lead to deforestation elsewhere. The overall requirement for land is estimated to increase, due to requirement for additional cropland and grazing land, biofuel crops, urban expansion, expansion of industrial forestry, expansion of protected areas, and declining productivity due to land degradation, all resulting in pressure for deforestation.
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Indirect land use change (ILUC) has been claimed to reduce the climate change benefits of biofuels, 30 and to cause loss of biodiversity, and social dis-benefits through threats to food security 31 and "displacement of poor rural communities". 32 For example, it is asserted that using corn for ethanol in the USA displaces animal feed production, leading to expansion of soybean cultivation onto pastureland in Brazil to provide alternative animal feed, in turn causing deforestation in the Amazon to provide grazing land. 33 However, the scale of biofuel-induced ILUC is contested. Estimates of ILUC are commonly based on economic models, such as computable general equilibrium models (for example Global Trade Analysis Project, GTAP; Modelling International Relationships in Applied General Equilibrium, MIRAGE) which apply equations describing price elasticities of supply and demand to estimate response of the economy to changes in policy. These models, of necessity, apply simplified relationships and assumptions about market responses to changes in supply and demand. They have been criticized for their uncertainty, and for failure to reflect reality. Estimates of ILUC due to biofuel expansion have been demonstrated to be inconsistent with measured rates of deforestation.
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In part, this inconsistency is due to the failure of the models to adequately account for management responses. For example, Langeveld et al. 35 have demonstrated that increased intensity of production through multiple cropping, due to market forces, has largely compensated for expansion of area occupied by biofuels in the major biofuel-producing countries. On the other hand, increasing raw material demand for food and feed may increase the competition with raw materials used for biofuels in the future.
MINIMIZING ILUC
A range of strategies can be used to supply biofuel feedstocks while minimizing the risk of ILUC. First, use of biomass sources that are wastes, such as used cooking oil and secondary processing residues (for example sawdust, nut shells), and construction and demolition waste (lumber offcuts and end-of-life wood products), presents a low risk of ILUC. However, only small quantities of these feedstocks are produced, relative to the quantity of biomass required to satisfy growing demands for transport fuels, so their contribution to biofuel production will be small. production on currently cropped areas can reduce land requirements. If the yield can be increased per unit area, such as through improved varieties, increased mechanization, irrigation, use of fertilizer, and shorter fallow periods, less land is required for biofuel feedstock production. For example, the 100 million tonne increase in use of corn for ethanol in the USA in the period 2000 to 2010 was matched by a 100 million tonne increase in corn harvested. This was largely a result of increased yield per hectare, and only a small increase in land area devoted to corn.
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Intensification may cause additional pressures on soil and water resources, and greater risk of off-site impacts, as discussed below; nevertheless, there is potential for sustainable intensification to reduce the competition between food and energy production. 38 Third, biofuel crops may be cultivated on marginal or "unused" land. Jatropha (Jatropha curcas), a shrub with oil-rich seeds, has been marketed as a "miracle crop", able to be grown on saline soils in arid regions. The reality is that while Jatropha may survive in low rainfall, low fertility or saline conditions, its productivity is low. 39 Similarly, Arundo donax has been promoted for its potentially high biomass growth rate and ability to withstand poor conditions, but high growth rates are achieved only on fertile soils in favourable environments. Nevertheless, there are examples of successful establishment of biofuel crops on marginal lands. In Indonesia, oil palm has been planted into infertile Imperata cylindrica grasslands, where it has not only yielded well but also improved soil fertility. 40 The concept of "unused land" is often inaccurate: in many developing countries the poor occupy public and communal land which is considered "idle"; converting such land to biofuel crops displaces local land users, risking indirect land use change, in addition to negative social impacts. In addition, if "unused land" (for example abandoned agricultural land) would sequester carbon, for example by regenerating to a forest, taking the land into cultivation leads to foregone carbon sequestration.
A fourth strategy to minimize the risk of indirect land use change is the use of residues from cropping or forestry systems, such as corn stover, wheat straw, sugar cane trash, forest slash. These lignocellulosic biomass types are usually left to decay in the field. As production of biomass is not the main driver of these land use systems, removal of residues for biofuel production will not directly affect land use. However, residue removal will increase nutrient export, necessitating increased fertilizer application. It may increase susceptibility to erosion and cause decline in soil organic matter content, so management practices should be developed to maintain productivity. The potential supply of residues is estimated at between 40 to 125 EJ/yr, corresponding to some 10-25% of the global primary energy supply in 2008.
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A fifth strategy could be the use of purpose-grown lignocellulosic crops to produce second-generation biofuels. This is expected to reduce the land area required for biofuel production, due to the larger mass of feedstock harvested per hectare. The yield of lignocellulosic crops used for Fischer-Tropsch diesel is estimated at around 190 GJ/ha, compared with 60 GJ/ha for corn-based ethanol.
42
Integrating biomass production into existing agricultural systems is a sixth strategy to produce feedstock that minimizes land requirements. Such integrated systems could include agroforestry and alley cropping systems combining tree and annual crops, preferably with complementary resource requirements so that the combined system achieves greater yield. Synergistic options include shelter-belts of woody plants that provide shade and windbreaks to livestock; legume tree belts that provide nitrogen to the annual crop; and hedgerows established around pasture and annual crop fields that provide habitat for beneficial organisms that control pests. An example is mallee eucalypts planted in strips across wheat fields in Western Australia, which can lower saline water tables, enhancing wheat yields while producing biomass for bioenergy.
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A seventh strategy to minimize indirect land use change is to use the co-products of biofuel production to substitute for displaced agricultural products. For example, the dried distillers grains co-produced with ethanol are a valuable high-protein animal feed, as are the residues from biodiesel production based on soy and canola. Thus, the impact of the diversion of feed to ethanol production is partly offset by the use of these residues as feed. The estimated area of ILUC is reduced when co-products are taken into consideration. Langeveld et al.
44 assessed the impacts of the biofuel programmes on the major biofuel-producing countries and found that, between 2000 and 2010, expanded biofuel production accounted for an additional 25 Mha of cropland, but when co-products (primarily animal feeds) were included the net land demand dropped to 14 Mha.
The impact of land use for biofuels is thus largely determined by the extent to which each of these strategies (use of lignocellulosic crops, primary and secondary residues, integrated production systems, intensification, use of marginal land) is employed to produce biofuel feedstock. The above strategies can be encouraged through legislated incentives such as the EU REDD+ and the USA RFS2 mandate for cellulosic biofuels. Nevertheless, as described in other chapters, these measures do not necessarily produce the desired outcomes. Legislative controls over land clearing may be needed to indirectly promote more sustainable methods.
CLIMATE CHANGE EFFECTS
The climate change mitigation value of biofuels has been increasingly questioned over recent years, since policies were enacted to promote biofuels for their anticipated climate change benefits.
To deliver a climate change benefit the biofuel system must have lower emissions, from a whole-system perspective, than the fossil fuel system it replaces. Early critics of the biofuel industry 45 declared that the fossil energy used in cultivation and processing of feedstocks to produce ethanol and biodiesel was greater than the energy of the biofuel produced. Counterclaims criticized these studies for use of out-dated and biased data. 46 The next wave of criticism pointed the finger at indirect land use change (see above). This was followed by claims that nitrous oxide emissions resulting directly and indirectly from use of N fertilizer in biofuel 44 Supra, n. 35. production could negate the mitigation benefits of biofuel. 47 Recently, Liska et al. 48 have claimed that soil carbon loss in the cultivation of corn negates the climate change benefits of ethanol from corn stover; the study has been criticized for use of inaccurate estimates of the amount of stubble removed in conventional systems. 49 This saga of criticisms and counterclaims points to the important factors that determine the climate change impacts of biofuel systems: fossil fuel use along the supply chain, biomass production and conversion; emissions due to carbon stock change in vegetation and soil, both at the site of biomass production and through indirect land use change; non-CO 2 greenhouse gas emissions from biomass production; and the extent to which each unit of biofuel displaces fossil fuel.
The carbon footprint of biofuels is closely related to the energy balance. Because of higher yields and lower fertilizer requirements, the energy yield ratio, or "energy return on investment", of sugarcane-based ethanol is four to six times greater than the energy yield ratio of corn-based ethanol.
50 Supply chain emissions, excluding land use change effects, range from 2 to 69 kg CO 2 -eq/GJ for ethanol and 20 to 49 kg CO 2 -eq/GJ for biodiesel.
51 Emissions tend to be higher for first-generation annual crops, which generally have high inputs of fertilizer and fuel, and lower for lignocellulosic feedstocks. This is despite the fact that the latter require greater energy and chemical inputs in pre-treatment to break down complex molecules, and large quantities of enzymes, which have a substantial carbon footprint.
52 Improvements in conversion technologies, such as enzyme Decline in carbon stock in soil, such as where intensive cropping with residue removal replaces less intensive agricultural systems could reduce the climate change benefits of bioenergy systems. 54 In most forestry systems removal of residues leads to small losses in soil carbon, compared with the benefits of avoiding fossil fuel emissions. 55 However, clearing and draining tropical forested peatlands to grow oil palm leads to large losses in biomass and soil carbon. These may take many decades to recoup through displaced fossil fuel emissions, 56 despite the high productivity of oil palm. On the other hand, planting biofuel crops in marginal and degraded lands can increase carbon stocks in biomass and soil (for example oil palm on imperata 57 ). Loss of carbon stocks in biomass and soil through indirect land use change also reduces the mitigation benefits of biofuels. The scale of ILUC is unclear (see discussion above). Impacts may range from over 450 to −80 g CO 2 -eq/MJ for biodiesel and from 270 to −90 g CO 2 -eq/MJ for ethanol supply chains.
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Nitrogen is the most abundant nutrient in plant tissue, and is exported in significant quantities when biomass is harvested. Nitrogen removed in biomass must be replaced through chemical or organic fertilizers. This leads to GHG emissions through several routes, notably: manufacture of nitrogen fertilizer which is a GHG-intensive process because of high energy requirement and use of natural gas as a hydrogen source in the conversion gas emissions performance of cellulosic ethanol supply chains in Europe', 2 Biotechnol Biofuels 1. of nitrogen gas to ammonia, releasing 2-10 g CO 2 e (CO 2 equivalents) per g fertilizer-N; 59 and application of N fertilizers, whether organic or chemical, which leads to release of nitrous oxide, particularly in moist environments that favour denitrification. 60 While some studies 61 have claimed that nitrous oxide emissions resulting directly and indirectly from use of N fertilizers in biomass production could negate the climate benefits of biofuels, others 62 criticized Crutzen and colleagues for overestimating indirect nitrous oxide emissions. Nevertheless, nitrous oxide emissions can make a significant contribution to the GHG balance of biofuels.
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Also of relevance to the climate impact is the extent to which biofuel supplements rather than displaces fossil fuels, due to the "rebound effect" which arises because the increased supply of biofuel reduces the price of fossil fuels and thus increases their consumption. In relation to electricity generation, estimates of rebound vary widely, suggesting that a unit of renewable energy may displace between 0 and 1.6 units of fossilfuel-generated electricity in different situations, with the factor generally less than one. 64 The large range is mainly due to uncertainties in the policy context and assumptions about fuel demand and supply elasticity assumptions.
Besides effects on emissions and removals of greenhouse gases, cultivation of biomass crops can influence climate through effects on other climate forcing processes. The albedo of a surface determines the extent to which it reflects or absorbs incident radiation. Harvest of forests in high latitudes or altitudes that receive snowfall can increase albedo, reducing global warming because the formerly dark surface of the forest will now be white, reflecting the radiation. 65 In some circumstances this York, R., 2012, 'Do alternative energy sources displace fossil fuels?', 2 Nature Climate Change 441; Supra, n. 22. effect is substantial, even counteracting negative impacts of a reduction in forest carbon stock due to biomass harvest. 66 Similarly, in the Brazilian Cerrado, changes in albedo and evapotranspiration 67 associated with the conversion of crop and pasture land to sugarcane led to localized cooling due largely to the cooling effect of evaporation, enhancing the climate mitigation benefit of biofuels. 68 In contrast, where evergreen biomass crops are planted into snow-covered or arid land with high albedo, the land surface albedo may be decreased, reducing the mitigation benefits. 69 Thus, changes in surface albedo may have a positive or negative influence, depending on the land use or land management change, and the location. The issue becomes more difficult when the role of forests in cloud formation is considered. 
EFFECTS ON SOIL
Just as the feedstock source determines the climate effects and the risk of ILUC, the feedstock also determines the effect on soil. Impacts on soil are most likely to arise in biofuel systems using purpose-grown biofuel crops, or feedstocks based on crop and forest residues. The impacts derive from removal of biomass and cultivation for crop establishment.
Biofuel systems that involve removal of a substantial proportion of the biomass grown (for example grass crops such as miscanthus and switchgrass, short rotation poplar and willow, cereal straw or forestry slash) may suffer loss of soil organic matter content through reduction in biomass inputs to soil. 71 Biofuel systems that involve regular cultivation, such as for annual crops, and/or removal of biomass residues, are vulnerable to soil erosion. This can further reduce soil organic matter (SOM) content, as SOM is concentrated in the topsoil. Evapotranspiration is the transfer of water from soil to atmosphere through evaporation from the soil surface and transpiration by plants. Cultivation may also stimulate loss of SOM through increased rates of decomposition. 72 Soil organic matter is fundamental to the chemical, physical and biological health of soils, retaining water and nutrients, aiding aeration, root penetration, water infiltration and nutrient cycling. 73 It is critical to maintaining productivity, so loss of SOM is a major challenge to the sustainability of biofuel production systems.
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Conversion from forest or grassland to biofuel crops is likely to cause loss of organic matter. 75 Where forested tropical peatland soils have been drained and cultivated for oil palm, large losses of soil organic matter have been recorded, 76 often accompanied by dramatic subsidence in ground level.
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Where existing agricultural land is used for biofuel crops, this may lead to land clearing elsewhere (see ILUC, above). In this case, the effects of land clearing on soil described above will occur at the site of land use change, external to the biofuel crop location.
Removal of biomass for biofuel exports nutrients from the site, in proportion to their concentration in biomass. Thus, removal of green foliage and bark, which are particularly high in N, P, K and Ca, presents a greater risk of nutrient depletion than where only stem-wood is removed. The loss of nutrients will lead to loss of soil fertility in the long term where biomass is continually removed 78 unless these nutrients are replaced by legume crops or chemical or organic fertilizers. Harvest of biomass can be scheduled to reduce the export of nutrients, for example by harvesting after leaf fall in deciduous species, or windrowing 79 cut stems in the field until the leaves and bark drop.
Some biofuel production systems can have positive effects on soil. Perennial lignocellulosic biofuel crops can improve soil quality compared with annual sugar and starch crops, due to less frequent cultivation. Soil carbon levels have been found to increase under switchgrass, for example, 80 and oil palm planted on marginal land. 81 Soil erosion will also be reduced and soil structure improved in perennial crops compared with annuals. Leguminous biofuel crops (for example soybean) add nitrogen to the soil. Deep-rooted perennial species can lower saline water tables, and thus reduce dryland salinity.
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Potential negative effects of biofuels on soil can be minimized through sustainable land management practices that seek to maintain or improve soil health, such as retention of residues as mulch to protect the soil; contour ploughing to minimize erosion; application of organic amendments to enhance soil organic matter content and nutrient cycling; and selection of harvest time to minimize nutrient export.
EFFECTS ON WATER RESOURCES
Increasing biofuel production is likely to impact both the quantity and quality of available water resources. Biofuel supply chains often have higher water use than the comparable fossil fuel systems, though there can be both positive and negative impacts.
83
The most significant effects on the hydrological cycle from biofuels are expected to occur at the feedstock production stage. When traditional field crops are used, particularly where these are irrigated, the strain on water availability could be substantial at the local and regional level, though possibly of lesser concern at the global level. 85 It is expected that the replacement of first-generation with second-generation/lignocellulosic biofuel crops (that generally do not require irrigation and are deep-rooted) will reduce water use.
Bioenergy crops may be sited strategically in the landscape to improve hydrology. For example, the Western Australian wheatbelt has suffered from raising saline water tables, and deep-rooted mallee eucalypts planted for bioenergy have been effective in lowering the water table.
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Biofuel facilities use process water in the conversion of biomass to fuel. Some facilities use water in large quantities for washing plants and seeds, and for evaporative cooling. The volume of water consumed in processing is small compared with the volume of water required for growing the feedstock.
87 However, as Schnoor et al. 88 point out, water use in fuel processing is concentrated into a small area, and can have substantial impacts for local water resources.
Intensification of production of first-generation biofuel crops is likely to exacerbate existing environmental water quality problems, such as nutrient, pesticide and other agrochemical loadings in farm runoff and groundwater flows. In some regions, increased sediment runoff due to increased cropping area and intensity is the most important environmental effect. For example, the upper Mississippi River in the USA experiences high sedimentation rates, which have consequences for aquatic ecosystems and riverine recreation and transport.
89
Schnoor et al. 90 state that "[e]xcess nitrogen in the Mississippi River system is known to be a major cause of the oxygen-starved 'dead zone' in the Gulf of Mexico". They also note that there are concerns that increased biomass production may have serious consequences for coastal and offshore waters.
Biofuel production plants may generate waste streams from the production processes. These waste streams, such as reverse osmosis brine effluent, cooling tower salts and waste heat, may be discharged into water bodies along with wastewater with high biological oxygen demand (BOD). This can cause environmental contamination and biodiversity impacts. There are indications that biofuels can have positive effects on water resources. For example, planting switchgrass, which has low fertilizer requirements, around the perimeter of cropping areas and along waterways can reduce the nitrate contamination of groundwater. 91 Use of ethanol blend fuels avoids the need for the addition of methyl tert-butyl ether (MTBE), an additive in conventional fuels. This is being phased out in the USA because of contamination of groundwater. 92 In addition, perennial crops can conserve soil outside the growing season of annual crops by diminishing the erosion from precipitation and runoff.
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Spills and leaks of biofuels are likely to have less environmental impact than fossil fuels because of their readily biodegradable nature. However, biodiesel and ethanol spills into water courses can lead to downstream fish kills due to the reduction of dissolved oxygen levels associated with the rapid biodegradation. Responses to biofuel spills may need a different approach to the procedures established for petro-chemical spills.
The use of wastes such as cooking oil for biofuel production systems can have a positive impact on water resources. Until recent years, these cooking oils were mostly disposed of in landfills, where they could leach into groundwater. Recycling waste materials into fuel keeps them out of the waste stream, and thereby may reduce groundwater contamination.
Tallow, a by-product of meat production, can also be used as a biodiesel feedstock. Runoff from cattle feedlots may lead to groundwater contamination. Therefore, biodiesel made from tallow as a by-product of feedlot meat production should be apportioned a share of responsibility for some of the feedlot groundwater contamination. 94 1.9 AIR QUALITY EFFECTS As discussed in other sections, it is expected that the increased adoption of biofuel systems will significantly reduce GHG emissions. Aside from the GHG impacts of biofuels, there are other air quality issues associated with biofuels. These issues largely relate to the utilization stage, and may have positive or negative environmental impacts, depending on the biofuel and the method of utilization. The impact of increased biofuel use on air quality will have varying significance, depending on the location of the emissions with respect to population centres or sensitive ecosystems.
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The use of ethanol as an additive or replacement for gasoline can reduce the emission of air pollutants such as particulates and carbon monoxide. However, concerns with the increasing use of ethanol include increased emissions of acetaldehyde leading to increased ozone and photochemical smog.
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Replacing fossil diesel with biodiesel offers advantages for air quality. Biodiesel is an oxygenated fuel, meaning it contains a reduced amount of carbon and higher hydrogen and oxygen content than fossil diesel. This improves the combustion of biodiesel and reduces the particulate, CO and unburnt hydrocarbon emissions. 97 However, using pure biodiesel may increase NOx-emissions. 98 Biodiesel contains almost no sulphur and no aromatics. In a properly tuned engine this is expected to lead to lower particulate emissions.
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Research by the US Environmental Protection Agency (EPA) shows that while biodiesel reduces most emissions from unmodified diesel engines, the reduction depends on the blend and source of biodiesel. The EPA found that the ozone-forming potential of biodiesel is around half that of regular diesel. The carbon monoxide, particulate matter and hydrocarbons are also lower for biodiesel compared with regular diesel. The exhaust emissions of sulphur oxides and sulphates from biodiesel are essentially eliminated compared with diesel; these pollutants are major contributors to acid rain. 100 The use of modified engines and advanced biodiesel formulations can further reduce emissions of most pollutants and can reduce NOx emissions to levels equivalent to those of regular diesel.
101 Dufey 102 concluded that there will generally be no increase in NOx emissions from the use of biodiesel over fossil diesel.
The combustion of raw biomass emits considerable amounts of pollutants, such as particulates and polycyclic aromatic hydrocarbons. Even modern pellet boilers generate more pollutants than oil or natural gas boilers. The combustion of pellets made from agricultural residues can produce higher emissions of dioxins and chlorophenols than wood pellets.
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Hess et al. 104 used a modelling approach to compare the emissions from fuel production and transport for gasoline and various transport biofuels. This LCA modelling found that the air pollution impacts that arise from the production and transport of biofuels can be greater than the equivalent fossil fuel "well-to-pump" emissions for some biofuel production systems. Advanced biofuel production systems can be employed to reduce these emissions, for example, sugar-cane-ethanol systems are moving to green-cane harvesting, avoiding emissions from cane burning prior to harvest.
BIODIVERSITY
The main concerns for biodiversity from biofuels relate to land use change and land occupation for biofuel crops. Biofuels may influence biodiversity directly, or indirectly through market-mediated land use effects. If natural forests and grasslands are cleared, to create land for planting biofuel crops, or as a result of indirect LUC, the biodiversity value of these lands will be substantially impacted. Deforestation in south-east Asia (partly due to growth of biofuels) is estimated to have reduced the area of native forests by 0.23% and 0.77% with the annual rate of 677 and 2428 ha/a between 2000 and 2010 and 1990 and 2000, respectively, threatening highly diverse 100 Supra, n. 97. 105 Expansion of biofuel cropping onto native grasslands also threatens biodiversity.
The expansion of oil palm plantations has led to fragmentation and loss of high-value ecosystems and habitats. Species diversity is considerably lower in and around the plantations than in the forests they have replaced. 106 Also, forest conversion to oil palm plantation leads to significant changes in community composition, which indicates that oil palm plantations are not suitable habitats for the majority of forest animal species.
107 Direct impacts of sugarcane production on biodiversity are limited, because expansion of cane is occurring at the expense of pasturelands. However, in the future, large-scale expansion of ethanol production might lead to the displacement of natural forests leading to the loss of high-biodiversity areas, and the loss of ecosystem functions. 108 As with other annual crops, the diversity and abundance of vertebrate species has been found to be lower in corn crops grown for biofuel compared with nearby natural habitats in the USA.
109 Second-generation biofuel crops, such as switchgrass and Miscanthus, can enhance the biological diversity of agricultural landscapes.
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Another concern relates to the risk of biofuel crops becoming weeds. Vigorous crops that are easily propagated naturally present a high risk that they may become significant weeds that could affect agricultural production and/or conservation areas. Arundo donax, for example, has been proposed as a biofuel crop because of its fast growth, yet it is recognized as one of the world's most invasive species.
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Biodiversity value may be enhanced by biofuel crops in some circumstances. For example, replacing annual crops with perennial crops can be 105 beneficial for in-crop biodiversity because of reduced soil disturbance, lower inputs of fertilizer and pesticides, ongoing organic inputs to the soil, and maintenance of habitat through the year, especially where the biofuel crop is a native species, such as eucalypts in Australia and switchgrass in the USA. Bioenergy plantations can also provide off-site benefits for biodiversity, such as vegetation filters that reduce nutrient pollution of water.
112 Bioenergy plantations can also play a role in promoting biodiversity when multiple species are planted and mosaic landscapes are established in uniform agricultural landscapes and in degraded areas. 113 Biofuel plantations of perennial native species could be planted as ecological corridors to reduce the impacts of fragmentation of natural areas. To minimize impacts of biofuel crops on biodiversity, management practices that reduce chemical inputs, increase heterogeneity within fields, and delay harvests until bird breeding has ceased, have been recommended.
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Measures to minimize LUC (both direct and indirect), described in section 1.5, "Minimizing ILUC", will also assist in the protection of biodiversity.
Despite the importance of the issue, methods for the assessment of land use-related impacts on biodiversity are not yet fully established. Some preliminary indicators have been proposed to measure biodiversity in life cycle assessment (LCA), for example biodiversity damage potential (BDP) 115 and "potentially lost non endemic species" (PLNS), based on regional and global potential species extinction. 116 However, these can be applied only at a coarse scale and are still in development.
SUMMARY AND RECOMMENDATIONS
It is likely that global energy demands will increase as world population grows and standards of living rise across developing countries. Climate change challenges make it crucial that alternatives to fossil fuels are developed. Biofuels should be considered as part of the mix of future energy solutions, especially for applications such as long distance road transport and air transport, where other renewable energy options are limited.
Despite the fact that a major driver for biofuel promotion is the assumed climate change benefits, the climate change mitigation value of biofuels has been questioned, from three perspectives. First, there are questions over the balance of emissions generated in the cultivation, processing and use of biofuels relative to the emissions saved. Second, it is claimed that emissions due to indirect land use change may negate the benefit of emissions avoided. Finally, the extent to which biofuels avoid use of fossil fuels is also questioned because of the "rebound effect".
Naturally, climate change concerns necessitate careful evaluation of the potential of biofuels to reduce net climate change effects. Comprehensive comparisons between biofuels and fossil fuels should be undertaken using standardized tools such as Life Cycle Assessment, ensuring that co-products and market impacts are considered. Besides climate change impacts, effects on water resources, soil, air quality and biodiversity should be assessed. While there are examples of biofuel systems that enhance ecosystem services, they may present risks that need to be managed.
Nonetheless, biofuel technologies present a real potential to serve as an alternative to fossil fuels. Decisions to promote specific biofuels should be made on the basis of comprehensive and careful studies that examine the full impacts on all relevant environmental and socio-economic aspects, to avoid perverse outcomes. Uncertainties in the analyses should be characterized and quantified. Policies to support expansion of biofuels should be designed to distinguish and promote beneficial biofuel systems, and minimize the identified risks. The remainder of this book investigates options for regulating biofuels, from theoretical and practical perspectives, and reviews experiences in biofuel governance from around the world. Approaches implemented to date have had mixed success in managing the risks and promoting the opportunities of biofuels, but tools to predict and reduce these risks are rapidly improving.
